When chloramphenicol was added to a culture of Bacillus subtilis in early exponential growth, microscopic observation of cells stained by 4',6-diamidino-2-phenylindole showed nucleoids that had changed in appearance from irregular spheres and dumbbells to large, brightly stained spheres and ovals. In contrast, the addition of chloramphenicol to cultures in mid-and late exponential growth showed cells with elongated nucleoids whose frequency and length increased as the culture approached stationary phase. The kinetics of nucleoid elongation after the addition of chloramphenicol to exponential-phase cultures was complex. Immediately after treatment, the rate of nucleoid elongation was very rapid. The nucleoid then elongated steadily for about 4 min, after which the rate of elongation decreased considerably. Nucleoids of cells treated with 6-(p-hydroxyphenylazo)-uracil (an inhibitor of DNA synthesis) exhibited the immediate rapid elongation upon chloramphenicol treatment but not the subsequent changes. These observations suggest that axial filament formation during stationary phase (stage I of sporulation) in the absence of chloramphenicol results from changes in nucleoid structure that are initiated earlier, during exponential growth.
When chloramphenicol was added to a culture of Bacillus subtilis in early exponential growth, microscopic observation of cells stained by 4',6-diamidino-2-phenylindole showed nucleoids that had changed in appearance from irregular spheres and dumbbells to large, brightly stained spheres and ovals. In contrast, the addition of chloramphenicol to cultures in mid-and late exponential growth showed cells with elongated nucleoids whose frequency and length increased as the culture approached stationary phase. The kinetics of nucleoid elongation after the addition of chloramphenicol to exponential-phase cultures was complex. Immediately after treatment, the rate of nucleoid elongation was very rapid. The nucleoid then elongated steadily for about 4 min, after which the rate of elongation decreased considerably. Nucleoids of cells treated with 6-(p-hydroxyphenylazo)-uracil (an inhibitor of DNA synthesis) exhibited the immediate rapid elongation upon chloramphenicol treatment but not the subsequent changes. These observations suggest that axial filament formation during stationary phase (stage I of sporulation) in the absence of chloramphenicol results from changes in nucleoid structure that are initiated earlier, during exponential growth.
Many investigators have sought to describe the arrangement of the nucleoplasm in the procaryotic cell. The subject has remained elusive, partly because the nucleoid undergoes rearrangement during the most gentle manipulations (e.g., rapid filtration and temperature changes, etc. [8] ). Thus, after decades of effort, only a few noncontroversial statements can be made: the nucleoid of the exponential-phase cell is localized primarily in the center of the cell but does extend to the periphery of the cytoplasm (2, 7, 8, 12, 13) ; in stationary-phase cells, the nucleoid becomes confined to the center, and this results in a decrease in the density of this portion of the cell (3, 6, 21) .
Recently there has been a resurgence of interest in nucleoid structure. In part, this has resulted from the development of cryofixation techniques for electron microscopy (13) , the availability of DNA-specific fluorescent stains such as 4',6-diamidino-2-phenylindole (DAPI) (11, 17, 19, 25) , and a rich supply of mutants whose phenotypes include characteristics that could be, or are, related to chromosome structure and function. In this light we have developed a method which uses image analysis to characterize the nucleoid in terms of size, shape, and distribution in a cell as the cell proceeds from exponential-to stationary-phase growth. The distinct internal organization of Bacillus subtilis as it undergoes symmetric and asymmetric division offers a model system for exploring nucleoid structure and function during exponential growth and post-exponential-phase differentiation.
MATERIALS AND METHODS Growth conditions. B. subtilis BR151 trpC2 lys-3 metB5 (source, F. E. Young) was used for this study. Bacteria were grown in modified Schaeffer's sporulation medium (26) . Cultures were grown aerobically (medium-to-flask volume ratio, 1:10) with agitation (120 rpm) at 370C. Cell growth was * Corresponding author. measured by monitoring turbidity at 600 nm (20 Langley, Imperial Chemical Industries) (15 ptg/ml) for 15 min (unless otherwise stated) at 37°C with agitation (120 rpm).
Fixation. To prevent autolysis and to minimize the rearrangement of cellular components, we chose to base our work on fixed material. Control experiments indicated that fixed cells gave the same DAPI staining profile as unfixed cells. However, with time, unfixed cells gave variable DAPI staining profiles. Cells were fixed by the simultaneous addition of formaldehyde and glutaraldehyde to final concentrations of 0.37 and 0.001%, respectively. Formaldehyde at a final concentration of 0.37% was selected because it was the lowest concentration which did not result in an overnight decrease in the optical density of cells. Even though the optical density of formalin-fixed cultures was stable for at least 48 h, some cell-to-cell variation in the intensity of DAPI staining was observed. Critical experiments studying this problem showed that 0.001% glutaraldehyde in combination with 0.37% formaldehyde eliminated any visible variation in DAPI staining intensity. Higher concentrations of glutaral-AXIAL FILAMENT FORMATION IN BACILLUS SUBTILIS dehyde gave no further advantage in decreasing the variation in staining but, instead, imposed the disadvantage of producing a concentration-dependent increase in the clumping of cells.
Microscopy and staining procedure. All microscopy was accomplished with a Zeiss Photomicroscope II (Carl Zeiss, Oberkochen, Germany). Nucleoid morphology was observed by a combination of fluorescence and transmitted phase-contrast microscopy after staining with DAPI (Boehringer Mannheim, Indianapolis, Ind.). The DAPI staining procedure is a modification of the method of Hiraga et al. (11) . Culture samples (1 ml) were fixed in 0.37% formaldehyde and 0.001% glutaraldehyde (wt/vol, final concentration)
for 30 min at room temperature, harvested by centrifugation, washed twice with water, and resuspended in 50 >1l of water.
Ten microliters of the suspension was applied to a coverslip treated with 0.1% polylysine. The coverslip was then inverted and placed sequentially onto two successive 100-,ul lots of first 50, then 70, and finally 95% ethanol (30 s for each treatment). Finally, the coverslip was placed onto methanol for 1 min, washed by rapid submersion in water, then placed onto a drop of DAPI solution (0.25 jig/ml) for 20 min in the dark. Excess liquid was removed by blotting the coverslip on a paper towel. The coverslip was then placed on a microscope slide, sealed with paraffin wax, and observed.
Image analysis. Images of DAPI-stained material were recorded on Kodak Tri-X 35-mm film (Eastman Kodak Co., Rochester, N.Y.). Nucleoid lengths were measured in photographs with DUMAS image analysis equipment (Drexel University, Philadelphia, Pa.). The edges of the nucleoids were determined visually with an interactive graphic tablet. Differences in DAPI staining intensity led to some variation in mean nucleoid lengths between sets of experiments. However, within a set of experiments this difference in staining intensity was not a factor. At least 150 nucleoids were measured for each cell population studied. RESULTS DAPI is a fluorescent stain which has a high affinity for DNA. We have used this compound to study the morphology of the nucleoids of B. subtilis during early, mid-, and late exponential growth, before and after treatment with chloramphenicol. In our experiments we defined early-exponential-phase cultures as cells that are at least three mass doublings from stationary-phase conditions (see Materials and Methods for details). Cells in mid-and late exponential growth were defined as being two and one mass doublings, respectively, from stationary-phase conditions.
Consistent with results seen by many laboratories, our controls showed that the nucleoid morphology of B. subtilis cells changes from irregular spheres and dumbbells to axial filaments during early stationary phase (1, 15) (Fig. 1) . The mean nucleoid length in cells taken from post-exponentialphase cultures is 2.24,um (median = 2.08,um).
When nucleoids from cells in early, mid-, and late exponential growth were compared, they seemed to be very similar in shape, size, and distribution (Fig. 2a, 2b , and 2c, respectively). Upon analysis, the frequency distributions of the lengths of the nucleoids seen in each population (i.e., from the early-, mid-, and late-exponential-phase cultures shown in Fig. 2 ) were almost superimposable (Fig. 3A) .
Having established the similarity of nucleoid morphology during exponential growth, we questioned the configuration of these nucleoids when cells were exposed to chloramphenicol. As shown in Fig. 2d , treatment of early-exponential- phase cells resulted in brightly stained oval or spherical bodies; however, as cultures approached stationary phase, chloramphenicol treatment resulted in an increasing fraction of the population forming elongated nucleoids (Fig. 2e and   20 . Distribution of nucleoid lengths in these cells showed a progressive increase in size as the culture neared the end of exponential growth (Fig. 3B) . The mean nucleoid length in late-exponential-phase cells treated with chloramphenicol was 1.48 jim (median = 1.42 jim). This was compared with the untreated control cells, which had a mean nucleoid length of 0.93 jim (median = 0.82 jim), or treated earlyexponential-phase cells, which had a mean nucleoid length of 1.04 jum (median = 1.09 jim).
Kinetics of nucleoid elongation. Figure 4 shows the distribution of nucleoid lengths after various periods of chloramphenicol treatment. In these experiments, the drug was added to late-exponential-phase cultures, and the cells were fixed at the times shown. The first treated sample (Fig. 4 ) underwent about 20 s of treatment (i.e., the shortest time in which the sample could be fixed after the addition of chloramphenicol and mixing). The kinetics of nucleoid elongation is complex. In the first seconds of treatment, mean nucleoid length increased to 70% of the maximum length observed (from 0.77 to 0.93 jim). Mean nucleoid length increased substantially during the next 4 min of treatment (to 1.20 of 15 pug/ml, [3H]thymidine incorporation into cold-acidprecipitable counts was reduced within 5 min to less than 5% of that of the untreated controls (results not shown). The addition of HPUra to cells without chloramphenicol resulted in a small decrease (ca. 18%) in the nucleoid distributions (mean = 0.54 pum) in comparison to those of the untreated controls (mean = 0.71 pum) (Fig. 5) . When HPUra was added with chloramphenicol to late-exponential-phase cultures (Fig. 5) , the distributions (mean = 0.82 pum) increased above those of untreated cultures. The increase was much smaller than that of cells treated only with chloramphenicol (mean = 1,20 pum). This supports the idea that the nucleoid elongation process is dependent on residual DNA synthesis.
DISCUSSION
The addition of chloramphenicol to a variety of bacteria in exponential growth has been shown to result in the confinement of the nucleoid into a spherical or ovoid body (a partial list includes B. subtilis [9, 22] , Staphylococcus aureus [10] , Streptococcus faecalis [6, 7] , and Escherichia coli [2, 12-14, 16, 25, 27] ). An exception, reported by Van Iterson, is that elongated nucleoids appear in germinated heat-shocked spores ofB. subtilis after treatment with chloramphenicol for periods greater than 110 min (23) . It is clear that the elongation of the nucleoid noted here in the latter stages of exponential growth is an unusual observation in the microbial world. That elongation occurs with greater frequency as cells approach the end of exponential growth raises the question of whether the phenomenon is related to the axial filament formation designated stage I of spore formation (1, 15) . This question can be addressed by proposing a hypothetical scheme of how nucleoid elongation could occur upon chloramphenicol treatment as a culture approaches stationary phase and how this process could be related to the normal course of endospore development.
We suggest that as cells approach stationary phase, the nucleoid changes in some unknown physical manner such that, upon the inhibition of protein synthesis (but with continued DNA synthesis), it has an increasing probability of forming an elongated structure. This structural change could involve an alteration in the number or placement of chromosome interactions with the envelope, in the number or type of DNA-binding proteins, or in the concentration of supercoils. We oids also result from the fusion of at least two normal nucleoids. We suggest that, as in the nucleoid occlusion model of Woldringh et al. (24) , by traversing the length of the cell the axial filament inhibits septum formation. When one chromosomal copy is confined to the mass necessary for spore formation, the resulting asymmetrical gap between nucleoids then becomes the site of the spore septum. The cause of asymmetric chromosome confinement remains unknown. The counteridea that axial filament formation is not a stage of sporulation cannot at present be excluded. It is based on the observation that all spoO mutants examined form elongated nucleoids (1, 15) . In addition, the process is not specific to presporulating cells, because the formation of elongated nucleoids, in late-exponential-phase cells treated with chloramphenicol, was observed in a medium that does not support sporulation (Luria broth) (5) . The isolation of mutants defective in axial filament formation would best resolve this problem. However, it is possible that disruption of the mechanism for axial filament formation involves essential genes. If this is the case, it may prove difficult to identify and isolate conditional mutants which fail to form axial filaments. If the potential for nucleoid elongation is regulated in relation to some external signal and if elongation is an adaptation in preparation for sporulation, it may be necessary to redefine when the process of sporulation is initiated.
